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ABSTRACT OF THESIS

THE OPTIMIZATION OF THE SYNTHESIS AND THE CHARACTERIZATION OF
VAPOR-LIQUID-SOLID GROWN ZnO NANOWIRES

ZnO nanowires are a promising material with great semiconductor properties. ZnO
nanowires were prepared by carbothermal reduction and vapor-liquid-solid growth
mechanism. Altering a variety of parameters ranging from mole to mole ratio of ZnO to C
all the way to gas flow rate was examined. The nanowires were then characterized and their
morphology examined under a SEM to observe what effect the parameter had on the
morphology of the nanowires. From the experiments and the parameters tested it was
observed that in order to produce the highest quality straight nanowires one should use a
mole to mole ratio of ZnO to C graphite of 1 to 3. With a dwell temperature and time of
900 °C for 3 hours. A gold seed catalyst of 4nm and a gas flow rate of 50 to 100sccm of
Ar provides the straightest nanowires. Understanding the effect of each parameter on the
morphology of ZnO nanowires is vital for the current research. This will only lead to further
the research and provide a better understanding of the growth mechanism of these wires
and how the production of specific wires with certain morphologic features and
characteristics can be achieved.
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Chapter 1: Introduction
1.1 Importance of ZnO Nanowires
ZnO has been and is still an intensely studied material. Its unique properties give it
exciting potential for future use. ZnO is a wide band-gap semiconductor II-VI
semiconductor. [1] A semiconductor is important due to its ability to be n- or p-typed
doped. When doping a material an impurity is introduced to change the electrical properties
of the semiconductor. N-type is when one would chose a substitute for Zn or O with atoms
that have on electron or more in their outer shell than the atoms they replace and p-type
would do the reverse. [2] Group III elements Al, Ga, and In are shallow and efficient donors
on Zn cation sites according to the following equation
D0 ↔ D+ + e
Where D0 and D+ are the neutral and ionized donors and the equilibrium is at room
temperature essentially. [2] The other possible way n-type doping can be achieved is from
group VII elements F, Cl, and Br on the anion site. It has been shown that hydrogen is
always a donor in ZnO. [3] This might be, together with small deviations in stoichiometry
why ZnO without intentionally doping is always a n-type semiconductor. [1] For p-type
doping group I elements Li, Na, or K are good acceptors on Zn site and the 1st elements Cu
and Ag are known to form acceptors. [2] However they usually form deep acceptors with
ionization energies around a few hundred meV. [4, 5] The equation is as follows
A0 ↔ A- + h
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Figure 1.1: Change in valence and conduction band when a semiconductor is n- and p-type
doped. http://hyperphysics.phy-astr.gsu.edu/hbase/solids/dsem.html#c2

The fermi level is the total chemical potential for electrons and is usually denoted
by µ or EF. [6] Much of the current research is focused on the fact ZnO has a direct wide
band gap of 3.337 eV, a large exciton binding energy of 60 meV, and high thermal stability.
[7] A wide band gap is needed because it allow the material to be operating at higher
voltages than lower gap semiconductors. This allows more powerful devices to be built
without the risk of damage to the machinery. These machines can go at much higher
voltages, frequencies, and temperatures without any risk of failure or damage. A couple of
major promises of wide bandgap material is that they can eliminate up to 90% of the power
losses that currently occur during AC-to-DC and DC-to-AC electricity conversion. [6]
They can also handle voltages more than 10 times higher than Si-based devices, greatly
enhancing performance in high-power applications. [6] High exciton binding energy is
important for the stability of the exciton in application such as optoelectronics. The high
thermal stability of the ZnO allows it to be operated a higher temperature without the risk
of decomposition or decay.
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ZnO has the wurtzite structure displayed below in figure 1.2.

Figure 1.2: Unit cell of the crystal structure of ZnO. Light/yellow color are Zn; dark/blue
color are O. Klingshirn, C. ZnO: From Basics towards Applications. physica status solidi
(b) 2007, 244, 3027–3073.

The primitive unit cell contains two formula units of ZnO where one zinc ion is surrounded
tetrahedrally by four oxygen ions and vice versa. [2] The cubic zincblend-type structure
can be stabilized to some extent by epitaxial growth of ZnO on suitable cubic substrates,
while the rocksalt structure is stable only under pressure. [8] ZnO wurtzite crystal structure
are characteristic for covalent chemical binding, but also display a substantial part of ionic
binding. Based on this information the bottom of the conduction band is formed essentially
from 4d levels of Zn2+ and the top of the valence band from the 2p levels of O2-. [2]
Nanowires can be produced in a number of ways such as electron-beam or focusedion-beam writing, [9] proximal probe writing, [10] and X-ray or extreme-UV lithography.
[11] However, production of controllable morphology at a large scale industrial use is still
3

being heavily studied. ZnO is currently being used at an industrial level, but not on the
nanoscale. A large fraction of ZnO is used in rubber and concrete industries. [12] Its main
use in the rubber industry is the formation of the tires. 1200kT are produced annually. [13]
The ZnO has a positive influence of the vulcanization process and it improves considerably
the heat conductivity that is crucial to dissipate the heat produced in the rubber tire by the
deformation when it rolls along the street. [2] This is vital because during the vulcanization
process the ZnO increases the strength and heat conductivity of the tire. For concrete it
improves its resistance to water. Without the ZnO the tire would be less durable and could
possibly explode. This could lead to more expensive tires and having to replace them at a
faster rate. For the concrete industry ZnO allows for increased processing time and
improves the resistance to water. [2] Not being broken down by water is not a major
concern for concrete that is not exposed to water, but for sidewalks having this resistance
would be crucial for the lifetime and quality of the product. There are many prospective
applications that ZnO is being looked at for. Surface conductivity of ZnO can be strongly
influenced by various gasses and can be used as a gas sensor. [14] Pointed tips of single
crystals and ZnO nanorods result in a strong enhancement of an electric field and are
therefore used as field emitters. [15] They are also being explored for use as front contact
of liquid crystal displays, [16] UV sensitive and solar blind photodetector, [17] and
hardness against high energy radiation. [18] As one can see from the possible applications
of ZnO material producing high quality, controllable morphology, and at a low cost is
critical for future devices.
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1.2 Nanomaterial Vs Bulk Material
A nanomaterial is commonly defined as having an average grain size less than 100 nm.
[19] Bulk material would be anything larger than this. More specifically it can be said that
to be classified as a nanomaterial it must have 1 dimension between 1 and 100 nanometers.
ZnO nanowires would be a 1D nanomaterial [20] because 1D nanomaterials consists of
rods, wires, and belts. [21] There is a general acceptance that 1D nanoscale material
provides a great opportunity to examine electrical and magnetic properties. Two primary
factors cause nanomaterials to behave significantly differently than bulk materials: surface
effects (causing smooth properties scaling due to the fraction of atoms at the surface) and
quantum effects (showing discontinuous behavior due to quantum confinement effects in
materials with delocalized electrons). [19] These two factors have a huge influence on the
properties and reactivity of the material. One of the most important aspects of nanomaterial
is the extremely large surface area and particle number for its mass and volume. If we look
at an example of this, a microparticle with a diameter of 60 µm has a mass of 0.3 µg and a
surface area of 0.01 mm2. The same mass in nanoparticulate form, with each particle having
a diameter of 60 nm, has a surface area of 11.3 mm2 and consists of 1 billion nanoparticles.
The ratio of surface area to volume (or mass) for a particle with a diameter of 60 nm is
1000 times larger than a particle with a diameter of 60 µm. [23] From this example it can
be seen how large of an impact this is on the nanoparticles compared to bulk and how it
only increases the smaller the size of the material is. With decreasing particles size the
nanomaterial also experiences lower binding energy per atom and because of this a
reduction of the melting point. [22] Nanomaterials are classified into four different types
based upon their structure and dimensions. Zero-dimensional have the shape of clusters or
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balls. All of the dimensions are the same and in the nanoscale, One-dimensional materials
has one dimension in the nanoscale. They can have all dimensions in the nanoscale, but
one of the dimensions is larger than the other two. This can be seen by typical 1D
nanomaterials: nanorods, [24-28] nanowires, [29-34] and nanotubes. [35] Twodimensional have two dimension in the nanoscale or two dimensions that are bigger than
one dimension. These are typically triangles, [36-39] plates and sheets. [40-43]. Finally
three-dimensional nanomaterials are all other nanomaterials that do not fall under the other
categories and consist of pyramids, [44-45] nanoboxes, [46-47], and nanocubes. [48]
Figure

1.3

displays

these

different

types.

Figure 1.3: Display of the four different types dimension nanomaterial a) 0D clusters, b)
1D nanowires, whiskers, and rods, c) 2D nanofilms and coats, d) 3D nanocubes and boxes.
http://www.nanoreviewsexperiments.net/index.php/nano/article/view/5883/7100

There are two broad categories of growth for the synthesis of nanomaterials. There
is the bottom up method and top down method. Bottom up approaches focus on taking
atoms or particles smaller than what is trying to be synthesized and through self-assembly
allow for the formation of the material. Top down methods use larger macromaterials to be
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broken down into smaller units and finally into the desired structure through controlling
parameters to change the morphology of the structure. Top down methods can be very
expensive so that makes them not suitable for industrial use whereas bottom up method
can be done at a much faster and cheaper rate. The most popular top down method is
photolithography. [49] Some of the most popular bottom up methods are sol-gel process,
[50] aerosol-based processes, [51] chemical vapor deposition, [52] and atomic or molecular
condensation. [53] Figure 1.4 gives a good illustration of both approaches.

Figure 1.4: Illustration of the role of both the top down and bottom up approach.
http://www.gitam.edu/eresource/nano/nanotechnology/role_of_bottomup_and_topdown_
a.htm

1.3 Vapor-Liquid-Solid Approach/Carbothermal Reduction
Vapor-Liquid-Solid is a technique that has become very common for the growth of
nanowires. It is a bottom up technique that produces vapor metal atoms which are then
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grown into nanowires. One of the first studies of this mechanism was in 1964. [54] The
basic understanding of the technique is that there is some bulk material that contains the
material that is going to be created into the nanowires. The material will then be heated up
until it has turned into a metal vapor. The vapor will then travel towards the substrate and
the catalyst that is on the substrate by a carrier gas. The vapor then becomes a liquid and
forms an alloy with the catalyst on the substrate. When the alloy becomes supersaturated
and no more vapor can be deposited into it then the nanowire will start to form. The
nanowire will continue to grow until there is no longer any metal vapor or oxygen source
available. The mechanism for a metal oxide nanowire produced by vapor-liquid-solid via
carbothermal reduction is as followed
MO(s) + C(s) → M(g) + CO2(g)
C(s) + CO2(g) → 2CO(g)
M(g) + O(s or g) → MO(s)
The oxygen source for the metal to form the nanowires can be either oxygen gas that
has been added to the carrier gas and is allowed to travel through the furnace or a solid that
has deposited on the substrate. Figure 1.5 shows what the mechanism looks like for vaporliquid-solid growth of nanowires.
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Figure 1.5: Visual illustration of vapor-liquid-solid growth mechanism.

From figure 1.5 it can be seen that the gold catalyst tip will remain on the nanowire. This
is a clear distinguishing feature when viewing images of nanowires grown by the vaporliquid-solid mechanism. There is another technique that competes with this process. That
is the vapor-solid growth mechanism. For vapor-solid catalyst is not needed and the
reaction goes directly from a vapor to a solid. Vapor-solid growth has been studied by
numerous papers to show the production of a variety of unique and interesting nanowires.
[55-58]
Carbothermal reduction is the reduction of a metal oxide to a free vapor and either
CO2 or CO.
2ZnO(s) + C(s) → 2Zn(g) + CO2(g)
C(s) + CO2(g) → 2CO(g) [59]
From the reaction we can see that the reduction of Zn in ZnO by the carbon allows for the
metal vapor to form. This metal vapor is what is absorbed by the gold catalyst and then to
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the production of the ZnO nanowires. The CO gas is then pumped off to prevent it from
any interference with the growth of the nanowires. This mechanism was first proposed in
the beginning of the 1980s by L’vov. [60] This mechanism has been supported through the
direct observation of metal and gaseous carbide vapors by mass spectrometry. It was used
for the interpretation of temporal oscillations in the kinetics of interaction of carbon with
the oxides of different metals. [61-63] However, this mechanism cannot be applied to the
reduction of Fe, Co, Ni, and Cu oxides owing to the low saturated pressure of metals at
reduction temperatures and the impossibility of transportation of metal vapor to carbon in
line with reaction. [64] There are two other proposed mechanisms to use in carbothermal
reduction. The first one was proposed by Digonskii [65] who proposed a mechanism of
reduction through gaseous intermediates H2 and H2O.
MO(s) + H2(g) → M(s) + H2O(g)
C(s) + H2O(g) → H2(g) + CO(g)
Digonskii argues that the hydrogen in the reaction mixture originates from the water vapor
adsorbed on the carbon surface. Some doubts are cast on this mechanism because of the
arguable presence of H2, especially in vacuum. [66] Baikov, [64] Tammann and Sworykin,
and Baikov and Tumarev [66] tried to use a thermal dissociation scheme for the
interpretation of carbothermal reduction mechanism with the following reaction.
1

MO(s) → M(s) O2(g)
2

C(s) + O2(g) → CO2(g)
The argument against this mechanism is that the equilibrium partial pressure of O2 for the
reaction is too small to explain real rates of reduction. [66] This reaction mechanism is
10

usually denied by the majority of the scientific field. The only exception are the studies by
Kurchatov in the 1950s. [66] Kurchatov found in his experiments the presence of 8-9% O2
and only 90-91% CO2 and only 1% CO in the gaseous products generated in the process
of heating of Cu2O and graphite in vacuum. [66]
1.4 What I Am Trying/Importance
As it can be seen ZnO is an important material that has potential use and application
in many fields. ZnO has been studied in detail in many other areas of research. They
have been grown to be all vertically aligned. [67] ZnO has also been grown through the
vapor-liquid-solid method and then had its properties characterized. [68-71] From these
studies the importance of ZnO and its potential for future application use can be clearly
seen. From the current literature I have read there is no paper published that looks at a
variety of parameters used to grow ZnO nanowires by vapor-liquid-solid and
characterize the nanowires that are produced. Since ZnO is such an important material
being able to have an understanding of how to control the morphology of the nanowires
is of extreme importance. Changing the morphology will change the properties of the
nanowires. Being able to control the morphology allows for the tunable control over
the properties that the nanowires display. The goal if this research is to give a better
understanding of the role each parameter plays in the impact of the morphology of the
nanowires.
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Chapter 2: Experimental Methods

2.1 Materials
ZnO 99.99% (metal basis) and graphite powder (synthetic, conducting grade, -325
mesh, metal basis) 99.9995% was used as the starting material. A pestle and mortar was
used to mix the two materials. As another source of carbon single walled carbon nanotubes
was used. The gold catalyst tips were gold pellets 99.999% pure and deposited by electron
beam deposition. The silicon substrate that was used had a 300 nanometers thick SiO2 with
a growth direction of (100). A Lingberg/Blue M tube furnace was used for the heating
source. It was set up to allow for gas to be flowed through the chamber when a quartz tube
was in place. The quartz tube that was used was two feet long with an inner diameter of
ten millimeters and an outer diameter of twenty five millimeters. Two glass boats were
used in the quartz tube. One was designed to hold the sample, the other was for holding the
silicon substrate.
2.2 Synthesis of ZnO Nanowires
ZnO and carbon graphite were weighed out in an analytical balance to give the
desired mole to mole ratio of ZnO to carbon. They were placed into a pestle and mortar
after weighing. Where they were mixed with acetone and ground together for fifteen
minutes. Adding more acetone as needed to keep the mixture from becoming dry. After
mixing the mortar was placed in an oven at 100C° for thirty minutes. The sample was taken
out of the oven and removed from the mortar. After removal it was placed into a vial for
storage until needed. The ZnO + C mixture was place in a glass boat and inserted into the
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quartz tube until it was at the middle of the tube. This allowed the mixture to be at the
center of the furnace. The silicon substrate was placed in another glass boat and placed
near the end of the quartz tube. Argon was used as the carrier gas and allowed to flow
through the quartz tube. Once everything was in place the furnace was set at a ramping rate
of 20C° per minute until it reached the desired temperature. The dwell temperature was
held at the desired temperature for however long was needed for the trial and then allowed
to cool back to room temperature. After the reaction was complete and allowed to cool
back to room temperature the sample was taken out and placed in a container until
characterization could be done.
2.3 Parameters Altered
There were a variety of parameters altered systematically to observe the effect it
would have on the growth of the nanowire. Here it will be discussed what was changed and
the hypothesis that was reasoned to change the parameter. In the results and discussions
section what actually happened will be discussed.
2.3.1 Mole to Mole Ratio
Since carbothermal reduction was used to help synthesize the wires examining what
mole to mole ratio of ZnO to C would produce the best wires was of importance. Another
paper used weight ratios instead of mole to mole ratio. [72] It would be theorized that the
more carbon you introduce into the ZnO the more ZnO will be completely reduced into Zn
metal vapor. The more vapor you have available in vapor form the more that will be
available for the nanowire growth. I was also curious to see if the ratio would change the
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growth of the nanowires size and dimensions in any way. Ratios of one to five of ZnO to
C all the way to two to one were explored.
2.3.2 Size of Gold Catalysts
Using the vapor-liquid-solid approach requires there to be a seed on the substrate
that is acting as a catalyst to allow for the metal to go from the vapor in the air into a
nanowire. This metal vapor and catalyst form an alloy that upon supersaturation a nanowire
will start to grow. Initially four nanometer gold particles were deposited onto the silicon
substrate. Based off a paper that was exploring silicon nanowires [73] I decided to start
with a gold catalyst size of 4 nanometers. The other size that was used in the experiments
was eight nanometers. The hypothesis was that if a specific size and length of a nanowire
can grow with a four nanometer gold catalysts then increasing it to eight nanometers should
produce a much thicker in diameter and shorter nanowire. The reverse holds true for if a
smaller gold catalysts were to be used. The smaller the catalyst the longer and thinner the
wire would be. This should hold true because the smaller catalysts means less metal oxide
vapor would be allowed to form an alloy before the seed becomes supersaturated and the
wire would start to grow. Less would be able to grow at once making it smaller in diameter,
but there would be more of an abundance of the vapor allowing for it to grow for a longer
period of time producing a longer wire.
2.3.3 Dwell Time
Dwell time was initial two hours. Two hours was first used because there is a paper
that grew nanowires at sixty minutes and one hundred and twenty minutes. [74] I assumed
that from this paper the longer the time the sample is allowed to dwell in the furnace the
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longer the wires will become. The reasoning being that this would allow for more of the
Zn to be converted into a vapor. Since more is turning into a vapor it would then lead to
more going into the gold catalyst and producing a longer wire.
2.3.4 Temperature
Temperature is one of the most important parameters to look at. For industrial use
the lower you can get the temperature the better. Lower temperature leads to less energy
required to heat up the material and in turn leads to more profit for the company. It is also
important to find the ideal temperature for producing high quality nanowires. To hot and
the vapor will not cool enough to go into the catalyst to form an alloy. Even if it makes it
to an alloy it would need to be cool enough for it to go into a solid nanowire. If the
temperature is to cold then there is not enough energy provided to the sample to allow for
the ZnO to turn into a vapor. If the furnace is to hot above the substrate then the metal
vapor will stay as a vapor and be pumped out of the tube. This would lead to no nanowires
being produced. A fine line is needed in order to produce optimal results. Initially 960C°
was used. This temperature was used initial because there are many papers that have grown
ZnO nanowires at a variety of temperatures. [72,74] The temperature was then changed to
see how it would alter the morphology of the nanowires. The temperatures ranged from
800C° up to 1000C°.
2.3.5 Argon Flow Rate
The flow rate of the carrier gas was also examined. Changing the flow rate to allow
for the production of high quality nanowires of desired length without wasting is also
import for industrial uses. Again, several papers have used a variety of flow rates. [75-77]
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Fifty sccm (cm3/min) Argon was initially used. The faster the nanowires should be able to
grow reducing the dwell time and saving time and resources. The flow rate could also
change the vapor pressure of the Zn vapor. At low flow rates there is a possibility that a
vacuum could be created and there will be no nanowire growth. The flow rate was varied
from zero sccm to one hundred sccm of Argon.
2.3.6 Carbon Source
Altering the carbon source for carbothermal reduction could lead to different
morphologies. Different carbon sources have varying properties such as surface area,
mechanical strength, and structure. These vary factors could change the way ZnO and the
carbon interact. If the bonds between the carbon atoms are to strong they will not be able
to reduce the ZnO. Carbon graphite was initially used and single walled carbon nanotubes
were also used in an experiment. Single walled carbon nanotubes were used due to their
potential strength. [78]
2.4 Characterization Techniques
A variety of characterization techniques were used to examine the nanowires that
were grown and to observe how the parameter changed effected the morphology of the
nanowires. The main techniques that were used were scanning electron microscope (SEM),
transmission electron microscope (TEM), and, x-ray diffraction (XRD). The following
section will cover more of the background behind the techniques and their important use.
Images taken from samples will be shown and discussed later in the paper.
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2.4.1 Scanning Electron Microscope (SEM)
Scanning electron microscopy is an extremely important characterization
technique. It allows the user to see the morphology of the sample down to several
micrometers. In this section the background of how a SEM works and the importance of
the instrument as a characterization technique will be explored. Images taken on the SEM
will be looked at in the results section of this paper. SEM is one of the most popular electron
microscopes used in the world. SEM looks at the structure of the surface of the material to
examine the topography and textures of the material. SEM images are formed by focusing
an electron beam that scans over the surface area of a sample. The beam of the electrons
are scanned across the image in a raster scan. The raster scanning pattern is similar to the
cathode-ray tube of a television in which the electron beam is swept across the surface
linearly in the x direction, returned to its starting position, and shifted downward in the y
direction by a standard increment. [79] Backscattering and secondary electrons are used
for the construction of the image. Some SEM systems also have an X-ray detector to allow
for X-ray diffraction analysis. One of the most important if not the most important aspect
of a SEM is the three-dimensional appearance of its images. This is caused due to the large
depth of field.
2.4.1.1 Instrumentation
First for understanding the instrumentation is important. Figure 2.1: shows the
schematic overview of a SEM
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Figure 2.1: Shows the illustration/block diagram of a typical scanning electron microscope.
http://nau.edu/cefns/labs/electron-microprobe/glg-510-class-notes/instrumentation/

The high voltage cable provides the electrons source and is usually a tungsten filament
source that accelerates the electrons between 1 and 30 keV. The condenser and objective
lenses are used to reduce the spot size of the beam to be only a few nanometers when it
reaches the sample. The condenser lens is responsible for the throughput of the beam that
reaches the objective lens and the objective lens will determine the size of the beam that
hits the sample’s surface. [79] The scanning is accomplished by two electromagnetic coils
found in the objective lens. One will deflect the beam in the x direction and the other in the
y direction across the surface of the sample. This scanning is controlled by shooting an
electrical signal through one of the coils so that the beam hits the sample to one side of the
lens system. By varying the electric signal on the x coil as a function of time, the electron
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beam is moved across the sample and returned to its original position. Once the line is
complete the other coil, called the y coil is used to move the beam slightly and then the x
direction is done again. [79] The signal can be either digital or analog and both types of
signals having certain benefits. For digital the advantage is reproducible movement and
location of the beam. For analog the main benefit is that this method of scanning maps the
sample to where there is a one-to-one relation between the signal produced and the location
of the particle on the sample and the corresponding point on the display. [79]
2.4.1.2 Samples and Sample Holders
The chambers where the sample is placed and are made to allow for the rapid
changing of samples if needed. Large vacuum pumps are used to switch from room
pressure to about 10-6 torr with relative ease and time. The holder can hold samples that
are several centimeters and the stage is allowed to move in the x, y, and z direction. This
allows for the sample to be viewed from any desired angle. Electrically conducting samples
are the best to use in the SEM due to the flow of electrons to the ground reduces the possible
buildup of charge on the sample. If charging does occur a thin metal layer can be deposited
on top of the surface to help reduce this. Samples that are good conductors are also very
good at conducting heat. This reduces the likelihood the sample going through thermal
degradation.
2.4.1.3 Electron-Beam Interactions
The main thing that allows for the huge versatility of the SEM is the variety of
signals that are generated when the electron beam interacts with a solid sample. This is
displayed in figure 2.2.

19

Figure 2.2: Signals generated by SEM. https://www.quora.com/What-is-the-differencebetween-the-SEM-microscope-and-the-STEM-microscope
The interactions involved with the sample and the electron beam are either elastic
interactions that affect the trajectory of the electrons in the beam without altering their
energies significantly or inelastic interactions which result in transfer of part or all of the
energy of the electrons to the sample. [79] The sample which is now excited will emit
secondary electrons, auger electrons, and X-rays. When the electrons interact with an atom
through elastic collisions the direction of the electron changes, but the speed is pretty much
unaffected. This allows the kinetic energy to remain the same. The angle that the electrons
are deflected for a collision is random and ranges from 0° to 180°. This is displayed through
a simulation in figure 2.3.
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Figure 2.3: Monte Carlo simulation illustrating penetration depth of electrons into an FeNi
sample at 15 kV acceleration. https://www.bruker.com/products/x-ray-diffraction-andelemental-analysis/eds-wds-ebsd-sem-micro-xrf-and-sem-micro-ct/quantax-eds-forsem/applications/layer-analysis.html

Some of these electrons will remain in the sample, but since the electrons are having a
bunch of collisions eventually they will exit as backscattered electrons. The beam of the
backscattered electrons is much larger in diameter than the incident beam. This is one of
the limiting factors for the resolution of an electron microscope. When the surface of a
sample is hit by an electron beam with an energy of several keV electrons that are 50 eV
or less are emitted from the surface as backscattered electrons. Secondary electrons emitted
are usually about one half to one fifth or less the number of backscattered electrons. [79]
These electrons come from the interaction between the energetic beam electron and the
weakly bound conduction electrons in the sample, this leads to the ejection of the
conduction band electrons with a few electron volts of energy. The secondary electrons
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only come from a depth of 50 to 500 Å and exit in a beam slightly larger in diameter than
the incident beam. [79] X-ray photons are another emission from the sample. The region
that the electrons penetrate into the sample is known as the interaction volume. X-rays are
not easily absorb so most of them escape the sample. Backscattered electrons will not
escape if they penetrate more than a fraction of a micrometer. The secondary electrons
come from an area that is on the order of the diameter of the incident electron beam. This
allows them to give much higher spatial resolution. Figure 2.4 displays these sources and
where they come from in the sample.

Figure 2.4: Interaction volume from the possible signals generated by SEM.
http://nau.edu/cefns/labs/electron-microprobe/glg-510-class-notes/signals/
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2.4.1.4 Transducers
A scintillator-photomultiplier system called the Everhart-Thornley detector shown
in figure 2.5 is used to detect secondary electrons.

Figure 2.5: Basic illustration of an Everhart-Thornley secondary electron detector.
http://fp.optics.arizona.edu/nofziger/OPTI%20200/Lecture%2028/L28P3.htm

The secondary electrons strike the scintillator that then emits light. The radiation is carried
to a photomultiplier tube where it is converted into pulses of electrons. The brightness of
the electron beam in a cathode ray tube is controlled by these pulses. The secondary
electrons have such a low energy and are accelerated by applying a positive voltage that
surrounds the scintillator called the faraday cage. A modification of the scintillation
detector with a large area can be used to detect backscattered electrons. With this design
the sample angle of collection is maximized. No biased is needed because the backscattered
electrons already have an extremely high energy. Another way to detect backscattered
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electrons is with a semiconductor detector. An electron with high energy hits the detector
and produces an electron hole that creates a photocurrent. These detectors are small enough
to be placed right beside the sample leading to a large collection. The main disadvantage
of them however is the slow response time.
2.4.2 X-Ray Diffraction (XRD)
For determining the crystal structure for a material X-ray diffraction or XRD is one
of the best techniques. This technique is unique in the fact that it allows for the compounds
of the sample to be characterized by their crystal structure and not their composition. The
major benefit of using XRD is the fact that it allows for different phases of compounds or
different compounds with the same composition to be individually identified. The
following sections will cover the basics and concepts of how XRD works.
2.4.2.1 Generation of X-Rays
X-rays are high energy beams with short-wavelengths that are characterized either
by wavelength or photon energy. These are produced by electrons accelerated to a high
speed that then collide with a metal target. This almost instantaneous deceleration of
electrons allows for the conversion of the kinetic energy of the electrons to be changed into
X-ray radiation. These acceleration voltage (V) and wavelength (λ) of the X-ray radiation
can be related by the following equation.
λ=

1.2395∗10^3
V

The generation of these X-rays are done in an X-ray tube. Figure 2.6 shows a typical Xray tube.
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Figure 2.6: A basic illustration of an X-ray tube used in X-ray diffraction.
http://www.arpansa.gov.au/radiationprotection/basics/xrays.cfm

The voltage draws the electrons to the anode. The X-rays are produced on the target surface
at the point of impact and then radiates in all directions. To guide these X-rays out of the
tube and towards the sample windows are used. Cooling is needed because less than 1% is
transformed into X-rays because a lot of the kinetic energy of the electrons is converted to
heat. [80] The X-rays have a range of wavelengths from a minimum λ called continuous
X-rays or white X-rays. The minimum is determined from the accelerated voltage of the
electrons. At certain wavelengths there are sharp intensities that are called characteristic
X-rays.

X-ray diffraction requires a single wavelength of X-ray radiation. This

monochromatic radiation comes from characteristic X-rays that are produced from filtering
out the other radiation in the spectrum. When the incoming electron has enough energy to
eject an electron from the inner shell, the vacancy in the inner shell will be filled by some
other electron in an outer shell. When it falls it will release and X-ray that has a specific
wavelength and energy. This is shown in figure 2.7.
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Figure 2.7: Illustration of how an incoming electron ejects an electron and the hole is filled.
http://www.pharmatutor.org/articles/x-ray-application

2.4.2.2 Bragg’s Law
The two X-ray waves that have the same wavelength and going into the same
direction will either cancel each other out or strengthen each other. If the phase difference
is nλ (n is some integer) constructive interference will occur, but if the phase difference is
nλ/2 completely destructive interference will occur. The crystallographic planes will
diffract the X-ray beams shown in figure 2.8
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Figure 2.8: Bragg’s diffraction by the crystal planes of a material. http://hyperphysics.phyastr.gsu.edu/hbase/quantum/bragg.html

In this image there are two waves that are deflected by the crystallographic planes and will
only be inphase when the Bragg’s law equation is satisfied.
nλ=2dsinθ
The incident angle is θ, the spacing between the planes is d, and to keep the beams inphase
their path difference has to be equal one or multiple X-ray wavelengths (nλ). [80] Using
Bragg’s Law the d spacing between the planes can be found and using the following
equation the crystal structure can be found of the material.
dhkl =

𝑎
√ℎ2 + 𝑘 2 +𝑙 2

The lattice parameter (a) is used to determine what the structure of the material. The Miller
indices (hkl) are parallel planes in the crystal with a particular dhkl spacing. Using this
information the crystal structure, lattice planes, and d spacing of the planes can be found
for any material using XRD.
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Chapter 3: Results and Discussion
3.1 Mole to Mole Ratio
Examining the mole to mole ratio was the first parameter I altered. I chose this one
first because it is one of the most important because it determines how much ZnO vapor
there will be in the air. The more vapor that we have theoretically the longer the nanowires
can grow.
3.1.1 One to One Ratio
For 960 °C the ratio of 1 to 3 and 1 to 4 appeared to work best. These ratio could
have worked best due to the amount of carbon present. This appears to work best because
if there was not enough carbon then the reduction of the Zn in ZnO would not have been
able to occur at the temperature. If there was to much carbon then the reduction might have
occurred at a lower temperature and the system was now to hot to allow for the Zn vapor
to form an alloy with the gold seed.

Figure 3.1: ZnO + C 1:1, ratio 960 °C, 4nm Au, 2hr, 50sccm Ar
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There appears to be a small film that has deposited on the surface of the silicon substrate.
The film appears to be below the Au seeds in the first image or it deposited around the gold
seeds. The second image of the sample also appears to have a layer deposited on it. This
would mean that VLS growth did not occur. Another sample was prepared and ran with
the same parameters to see if the results would be the same.

Figure 3.2: ZnO + C 1:1, 960 °C, 4nm Au, 2hr, 50sccm Ar

When the experiment was ran again with the same parameters there was some very
different results. In one very has small section what appeared to be very short and tiny
nanowires. The rest of the substrate did not appear to have anything on the substrate. Not
even gold seeds appeard to be present. This would happen because of the temperature
gradiant across the substrate. If the substrate was to hot then the metal vapor would not
have deposited into the alloy. If the substrate has an area that is in the right tempertaure
range then the nanowires could grow.
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3.1.2 One to Two Ratio
A ration of 1 to two was looked at next. From the images below it is not very clear
of what is present.

Figure 3.3: ZnO 1:2, 960 °C, 4nm Au, 2hr, 50sccm Ar

From the images there is a large dust particle in the left side image, but besides that it is
very difficult to tell if there are nanowires present. The images are very blurry and if there
is nanowires present they would be extremely tiny. This leads to that the assumption there
is only gold seeds present on the substrate since they can be clearly seen.
3.1.3 One to Three Ratio
One to three ratio was examined next. This appeard to have the best results from
the initial SEM images at the parameters that were tried.
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Figure 3.4: ZnO + C 1:3, 960 °C, 4nm Au, 2hr, 50sccm Ar

In the images it can be clearly seen that there are many nanowires present. The nanowires
are fairly small and are not completely straight. There are some that appear to be straight
and others that are curved. Since these initial images were so promising the ratio of one to
three was the ratio that was used to explore the other parameters.
3.1.4 One to Four Ratio
One to four was examined and again the images were almost to blury to distinguish
anything from and later experiments produced interesting results.

Figure 3.5: ZnO + C 1:4, 960 °C, 4nm Au, 2hr, 50sccm Ar
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These images are a little blurry, but it appears that there are some nanowires present within
the sample. The nanowires do not appear to be in as a great of number as they are in the
images of one to three ratio, but they are still present. Since these images were blurry a
new sample was made to see if the results were the same.

Figure 3.6: ZnO + C 1:4, 960 °C, 4nm Au, 2hr, 50sccm Ar

From these images it can be seen that the wires started to grow, but they are extremely
short and thick. This leads me to believe that the wires in the original image are also very
small.
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3.1.5 One to Five Ratio
The ratio of one to five was also examined. Since one to three appeared to produce the best
results there was some skepticism of if this ratio would produce any wires.

Figure 3.7: ZnO + C 1:5, 960 °C, 4nm Au, 2hr, 50sccm Ar
The images are a little blurry, but from the images it only appears that gold seeds are present
and there are no nanowires. Since the carbon source has been increased the temperature of
960 °C might have been to high. If it was to high the Zn metal vapor woul have not been
able to cool down enough to allow it to form a liquid inside the gold catalyst.
3.1.6 Two to One Ratio
Since several ratios had been looked at of increasing carbon to Zn looking at the
ratio in the opposite direction would be needed. Due to the carbon source being needed to
lower the temperature at which the ZnO would turn into a metal vapor it seemed to be
highly unlikly that this ratio would produce nanowires.
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Figure 3.8: ZnO + C 2:1, 960 °C, 4nm Au, 2hr, 50sccm Ar
From the images above it can be seen that there are no nanowires present. In the second
image it appears as if there could be some extremely small nanowires, but more than likely
it is Au seeds.

3.2 Gold Catalyst Dimensions
The size of of the gold seed catalyst should have an impact on the morphology of
the nanowires. The thicker or longer the seed is the the thicker and shorter the wires should
become. This is displayed in the image below.

Figure 3.9: ZnO + C 1:, 960 °C, 8nm Au, 50sccm Ar
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These wires are extremely short and thick, which would be expected. One would expect
wires like this because the bigger the seed is the more Zn vapor it can hold before it
becomes supersaturated. This allows for there to be a build up and when it does start
forming a solid the solid nanowire will be much thicker and much shorter. Four nanometer
gold seed was also examined. If eight was to big and gave very thick and short wires then
as you go smaller longer and thinner nanowires should be produced.

Figure 3.10: ZnO + C 1:3, 960 °C, 4nm Au, 2hr, 50sccm Ar
With the same parameters except for the size of the gold seed catalyst there are much longer
and thinner nanowires. These results are expected considering the results from 8nm. The
smaller the seed the less Zn vapor can be deposited in it before it because supersaturated.
The addition of more Zn vapor causes the nanowire to start to form, but since it is holding
less initially the wire will be thinner, but longer because there will be more Zn vapor that
will continue to dissolve into the seed allowing the wire to keep growing. A smaller gold
seed was not examined. If the trend continued it can be assumed that with a two nanometer
seed even longer and thinner wires will be produced.
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3.3 Temperature
Temperature was the next parameter that was looked at. If the temperature is to
high the Zn metal vapor will not be able to cool down enough to be dissolved into the gold
catalysts and for an alloy, but if the temperature is to low then the ZnO might not turn into
Zn vapor or the gold catalyst might not be liquid to allow for the vapor to dissolve. 1000
°C is the highest temperature that was looked at. The lowest temperature that was examined
was 800 °C.

Figure 3.11: ZnO + C 1:3, 1000 °C, 4nm Au, 2hr, 50sccm Ar
From these images it appears that 1000 °C was to high of a temperature. It appears as if the
Zn started to dissolve into the Au and wire formation started to occur, but they are
extremely thin. They appear as if they nanowires started to melt while forming. This looks
like if you melt crayons and then allow them to cool.
After 1000 °C I examined 900 °C as a temperature. The reason being if increasing
it wires grow at 960 °C and 1000 °C is to hot, maybe if the temperature is lowered a little
it will provide the ideal temperature range from the center of the tube where the sample
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material sits to the end where the substrate is to allow for the best morphology of
nanowires.

Figure 3.12: ZnO + C 1:3, 900 °C, 4nm Au, 3hr, 50sccm Ar

From these images we can see that there are very long straight nanowires. From the gold
tips it is confirmed that they are VLS grown nanowires. Since 900 °C produced great
nanowires and appeared to be the optimal temperature I wanted to examine if they would
still form at a lower temperature.

Figure 3.13: ZnO + C 1:3, 800 °C, 3hr, 4nm Au, 50sccm Ar
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These images show that 800 °C is not hot enough to allow for the growth of Zn nanowires.
There appears to be some wires, but most are extremely short and not particularly straight.
From these experiments 1000 °C was to hot for the Zn vapor to deposit into the Au catalyst
seed and 800 °C appeared to be to cool for the system. There are ways this might could be
circumvented. If the furnace was longer the substrate could be placed farther down the tube
to allow enough time for the vapor to cool to an appropriate temperature. This might be
beneficial because the initial hot temperature where the sample material is placed could
allow for more ZnO to be converted to Zn vapor. This could lead to longer or thicker
nanowires. For 800 °C the opposite could be true. If the substrate was pushed closer to the
sample then the Zn might stay warm long enough to deposit into the Au catalyst and the
Au would be at the right temperature to be liquid. Since 900 °C appeared to produce the
highest quality of nanowires it was used as the temperature to test the remaining
parameters.
3.4 Dwell Time
Time annealing is an important factor that should have an impact on the length and
possibly the thickness of the wires. The longer the time spent annealing the more time the
ZnO has to become Zn vapor and in turn means more available to form nanowires. The
opposite can be true and that it is a waste of time to run it for longer periods. The reason
being if all of the Zn becomes vapor in two hours to run it for three or four would serve no
point. In the images below we can see the difference in two hours compared to three hours
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.
Figure 3.14: ZnO + C 1:3, 960 °C, 4nm Au, 3hr, 50sccm Ar

Figure 3.15: ZnO + C 1:3, 960 °C, 4nm Au, 2hr, 50sccm Ar

It can be seen from these images that both for two hours and three hours nanowires are
produced. The nanowires for three hours appear to be much longer and a little bit thicker
compared to that of the nanowires for two hours.
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Figure 3.16: ZnO + C 1:3, 1000 °C, 4nm Au, 2hr, 50sccm Ar

Figure 3.17: ZnO + C 1:3, 1000 °C, 4nm Au, 3hr, 50sccm Ar
For 2 hours verses 3 at 1000 °C it is interesting to see how there are better quality nanowires
for 3 hours. From the images the wires still appear to be melting for 3 hours, but there are
a couple of nanowires that do not appear melted. A possible reason is the substrate length
could have been long enough to allow near the end of the tube for some wires to form. The
temperature gradient seems to play more of a role than dwell time.
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Next, four hours verses three hours was tested. Since three hours seems to give very great
results four hours should give even longer and straighter wires.

Figure 3.18: ZnO + C 1:3, 900 °C, 4nm Au, 3 hr, 50sccm Ar

Figure 3.19: ZnO + C 1:3, 900 °C, 4nm Au, 4hr, 50sccm Ar

The nanowires for 3 hours are in much more abundance and appear to be a higher quality.
This is interesting considering the only thing that was changed was time. If this was do to
the oxygen supply then the nanowires of 4 hours should be at least the same length of 3
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hours, however this is not the case. This leads to the conclusion that again the temperature
plays a major role on how it effects the formation of nanowires.
3.5 Gas Flow
Gas flow was examined next. The faster the gas flow the faster the Zn metal vapor
will be moving through the tube. It is possible that this would allow for the Zn vapor to
reach the Au faster and reduce the dwell time needed. An experiment was also tried with a
gas flow of 0. Since the pump was still pumping the theory was the vapor could still travel
down the tube.

Figure 3.20: ZnO + C 1:3, 900 °C, 4nm Au, 3hr, 0sccm Ar

Figure 3.21: ZnO + C 1:3, 900 °C, 4nm Au, 3hr, 25sccm Ar
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Figure 3.22: ZnO + C 1:3, 900 °C, 4nm Au, 3hr, 50sccm Ar

Figure 3.23: ZnO + C 1:3, 900 °C, 4nm Au, 3hr, 100sccm Ar

The images above show that at 0sccm and 25sccm only gold seeds are present. At 0 and
25sccm it is possible that a vacuum was created from the pump and not enough carrier gas
was present to properly carry the Zn vapor down the furnace. For 50sccm and 100sccm
there was a bunch of straight nanowires produced. At 50sccm and 100sccm both produced
high quality straight nanowires. This would make it the ideal gas flow rate for the
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production of these nanowires. There is enough carrier gas to transport the Zn vapor down
to the Au catalyst and flowing at a fast enough rate to allow for the pressure to not create a
vacuum.
3.6 Carbon Source
That last parameter that was looked at was the carbon source used for carbothermal
reduction. The three sources that were used were carbon graphite, carbon single walled
nanotubes, and reclaimed carbon graphite.

Figure 3.24: ZnO + C 1:3, 900 °C, 4nm Au, 3hr, 50sccm Ar, used graphite

Figure 3.25: ZnO + C ratio 1:3, 900 °C, 4nm Au, 3hr, 50sccm Ar, carbon nanotubes
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Carbon graphite was used in all previous samples and an image was not in this subsection.
With the reclaimed carbon graphite there appears to be some nanowires starting to form.
The nanowires could have not formed well because it is possible that instead of carbon in
the recovered starting material it was ZnO. During the reaction the C is converted into CO.
This makes it possible that most if not all of the carbon had been used and would there for
not be able to reduce the ZnO when reused. For the single wall nanotubes there appears to
be mostly seeds and in some places the wires are trying to grow. The single walled
nanotubes could not have worked due to the strength of the carbon bonds. This would have
made the oxidation of the carbon not favorable and there for it would not have reduced the
ZnO to metal Zn vapor. From these results it appears that the carbon graphite is the best
carbon source for these parameters.
3.7 Optimized Parameters
From the results of all the parameters the optimal parameters would be a ZnO to
Carbon ratio 0f 1:3, 900 °C, 4nm Au seed, 3hr dwell time, and 50 or 100sccm of Ar. These
parameters appear to give the highest quality straight ZnO nanowires consistently. In order
to determine that are nanowires are indeed ZnO an X-ray Diffraction was taken of the
sample. This is shown in figure 3.26 below.
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Figure 3.26: XRD of ZnO nanowires on Si substrate
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Chapter 4: Future Work
4.1: Conclusion
From the parameters that were explored in order to produce the highest quality
straight nanowires a mole to mole ratio of ZnO to C graphite of 1:3 needs to be used. A
dwelling time of 900C° for 3 hours with a gold catalyst seed of 4nm in thickness and a gas
flow of 50 to 100sccm of Ar can be used depending on how thin someone is looking to
make the wires. If these parameters are used then one can expect to get consistent results
for the nanowires produced. These results can help further the study of ZnO nanowires in
the production of high quality nanowires with controllable morphology.
4.2: Future Direction
There are still several variables that could be explored in future work to help better
fine tune the morphology of the ZnO nanowires. Placement of the substrate could be
examined. Based upon the location of the substrate this would have an effect on the
temperature of the gold alloy. The temperature will determine what type of Zn-Au alloy is
present. The temperature would determine if the metal vapor is deposited into the alloy and
if it will form nanowires. Calculating the temperature gradient for the furnace would be of
importance. It would allow for the tracking of the temperature based upon the location of
the substrate. This could allow for the determination of the exact temperature needed to
produce the best nanowires. There could be the possibility of a very fine temperature
difference could determine and even change the morphology of the nanowires.
The addition of an oxygen source would be another important parameter to exam.
In order to grow the ZnO nanowire oxygen source is required. From my experiment it came
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from the substrate, but with the addition of extra oxygen there could be a dramatic change
on the morphology of the nanowires. Different growth directions of the silicon substrate
could also play a major impact on the nanowires morphology. This could happen because
the ZnO nanowires may prefer to grow along a particular growth direction, but might not
be able to due to the substrate. This could lead to possibly more aligned nanowires.
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